Two-dimensional (2D) halide perovskites have extraordinary optoelectronic properties and structural tunability. Among them, the Dion-Jacobson phases with the inorganic layers stacking exactly on top of each other are less explored. Herein, we present the new series of 2D Dion-Jacobson halide perovskites, which adopt the general formula of A ′ A n-1 Pb n I 3n+1 (A ′ = 4-(aminomethyl)pyridinium (4AMPY), A = methylammonium (MA), n = 1−4). By modifying the position of the -CH 2 NH 3 + group from 4AMPY to 3AMPY (3AMPY = 3-(aminomethyl)pyridinium), the stacking of the inorganic layers changes from exactly eclipsed to slightly offset. The perovskite octahedra tilts are also different between the two series, with the 3AMPY series exhibiting smaller bandgaps than the 4AMPY series. Compared to the aliphatic cation of the same size (AMP = (aminomethyl)piperidinium), the aromatic spacers increase the rigidity of the cation, reduce the interlayer spacing and decrease the dielectric mismatch between inorganic layer and the organic spacer, showing the indirect but powerful influence of the organic cations on the structure and consequently on the optical properties of the perovskite materials. All A ′ A n-1 Pb n I 3n+1 compounds exhibit strong photoluminescence (PL) at room temperature.
3 only a few known examples [34] [35] [36] [37] , most of them lacking proper structural characterization, especially for n > 2 members. In the case of linear alkyl diammonium cations (DC), if the chain is sufficiently long, they tend to form staggered structures with the long chain adopting a canted orientation between the inorganic sheets. 33 Even when the chain is as short as four carbons, the inorganic layers are still slightly offset, often with the octahedra distorted out-of-plane because of strong hydrogen-bonding. 38 Moving from linear diammonium cations to short cyclic diammonium cations, e.g. x-(aminomethyl)piperidinium (AMP) (x = 3 and 4) , DJ phases are favored as the distance between the inorganic layers becomes smaller. 30 This observation raises questions: What other types of cations can template the DJ phase? And when the DJ phases are obtained, how do the different cations such as conformation, the presence of conjugated groups etc. affect the properties of the semiconducting layers in these materials?
In this work, we examine the aromatic analogues to the piperidinium cations, namely 3-(aminomethyl)pyridinium (3AMPY) and 4-(aminomethyl)pyridinium (4AMPY), to synthesize two series of compounds, (xAMPY)(MA) n-1 Pb n I 3n+1 (x = 3 or 4, n = 1−4). We hypothesized that the introduction of an aromatic ring in place of the aliphatic one of the same size will introduce new features such as a rise in the dielectric constant of the interlayer space, an increase in the rigidity of the cation, and more delocalization of the positive charge on the aromatic ring. These attributes can modulate the strength of the electrostatic interaction within the inorganic layers and the hydrogen-bonding to the surrounding, leading to a different structural distortion of the inorganic layers than those formed from the aliphatic AMP cations. All these allow for the finetuning of the electronic properties of the inorganic layers. We have successfully synthesized and solved the crystal structures of eight new members, namely (3AMPY)(MA) n-1 Pb n I 3n+1 (n = 1−4) and (4AMPY)(MA) n-1 Pb n I 3n+1 (n = 1−4). We find structural differences between the 4AMPY and 3AMPY analogues: only the more symmetric 4AMPY cation maintains the DJ structure (0, 0 displacements), while in the crystal structures with 3AMPY the inorganic layers are slightly offset (0.238, 0.238 displacements). The structural difference has a profound influence on the optical properties of the compounds, with reduced tilts of the perovskite octahedra for 3AMPY compounds resulting in smaller bandgaps than for the 4AMPY ones. We also find structural differences between the xAMPY and xAMP systems . Relative to the aliphatic xAMP systems, the xAMPY C-C bonds are shorter because of the aromaticity of the pyridine ring, and they bring the inorganic layers even closer to one another (< 4 Å). Another feature caused by the aromatic cations Page 3 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t 4 is a decrease in the exciton binding energy which is attributed to the increased dielectric constant.
Taking all these factors into consideration, we also fabricated preliminary solar cell devices using the n=4 members as solar absorbers. The device based on (3AMPY)(MA) 3 Pb 4 I 13 showed superior photovoltaic performance compared to the devices based on (4AMPY)(MA) 3 by stirring for 5 min. Then the temperature was lowered to 120 °C until red plate-shaped crystals started to precipitate out. Further decrease of the temperature to 80 °C resulted in precipitation of most of the crystals within an hour. Then the hot plate was turned off and the solution was cooled slowly to room temperature. The whole process is conducted in air. After 30 min, the product settled in the bottom of the vial and was isolated by suction filtration followed by drying on the filtration funnel for a further 30 min. Yield: 279.5 mg, 67.8% based on total Pb. by stirring for 5 min. Then the temperature was lowered to 120 °C until dark red plate-shaped crystals started to precipitate out. Further decrease of the temperature to 80 °C resulted in precipitation of most of the crystals within an hour. Then the hot plate was turned off and the Page 4 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t 5 solution was cooled slowly to room temperature. After 30 min, the product settled in the bottom of the vial and was isolated by suction filtration followed by drying on the filtration funnel for a Then the temperature was lowered to 120 °C until orange plate-shaped crystals started to precipitate out. It is worth noting that light yellow precipitate came out during cooling down and suction filtration, so no pure phase was successfully isolated. This occurred even when filtering the solution while hot (120 °C). 
Single Crystal Structures.
Single-crystal X-ray diffraction experiments were performed using a STOE IPDS II or IPDS 2T diffractometer with Mo Kα radiation (λ = 0.71073 Å) and operating at 50 kV and 40 mA. Integration and numerical absorption corrections were performed using the X-AREA, X-RED, and XSHAPE programs. The structures were solved by charge flipping and refined by full-matrix least-squares on F 2 using the Jana 2006 package. 39 The PLATON 40 software was used to identify the twinning domains and validate the space groups of the compounds.
Steady-State and Time-Resolved Photoluminescence.
Steady-state PL spectra were collected using a HORIBA LabRAM HR Evolution confocal Raman microscope. 473 nm laser was used to excite the samples at 50× magnification. Time-resolved photoluminescence spectra were acquired with a streak camera (Hamamatsu). The samples were excited at 365 nm using an optical parametric amplifier, which was pumped by a Ti:sapphire amplifier operating at 800-nm and 2 kHz repetition rate. During the photoluminescence measurements, the samples were mounted in a closed-cycle vacuum cryostat under a pressure below 10 -7 Torr. A 370 nm long pass filter was used before the detection to block the excitation light.
Device Fabrication. FTO glass substrates were coated with PEDOT:PSS by spin-coating at 4000 rpm for 30 s, and then annealed at 150 °C for 30 min in air. The 2D perovskite precursors with a molar concentration of 0.8 M were prepared by dissolving the 2D perovskite crystal powders in a mixed solvent of DMF and DMSO with a volume ratio of 4:1. After the crystal powders dissolved, 0.8 vol % HI was added into the perovskite precursors. The precursors were then coated on the Page 7 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t substrates with a spin rate of 4000 rpm for 60 s in a N 2 -filled glovebox. During the spin-coating, 0.7 mL of diethyl ether was dropped on the rotating substrates at 20 s. After spin-coating, the films were annealed at 100 °C for 10 min in the glovebox. To complete the devices, C60 (20 nm)/BCP 
Results and Discussion
Syntheses. The new compounds were synthesized using a step-cooling method as previously reported, 33 with stoichiometric ratios of PbO and CH 3 NH 3 Cl according to the chemical formula.
By tuning the amount of the large spacer cations, 3AMPY or 4AMPY, the synthetic procedure can be optimized to give different layer-numbers (n = 1−4) in a targeted manner. It is worth noting that for (4AMPY)PbI 4 , even though it can form in the hot solution, no pure phase could be obtained because a competing light-yellow phase co-crystallized on cooling to room temperature. To get one single crystal to determine the crystal structure, hot solution (120 °C) was dropped directly into oil and the crystal must be picked quickly (details in experimental section). All compounds form as plate-like crystals, with the color getting darker from n = 1 to n = 4. The 3AMPY series exhibits darker color than the 4AMPY series, starting from red for n =1 to black for n = 4 while n = 1 for 4AMPY is orange.
The powder X-ray diffraction (PXRD) patterns of (4AMPY)(MA) n-1 Pb n I 3n+1 (n = 2−4) obtained using synchrotron radiation (λ = 0.4578 Å) are shown in Figure 1 . The experimental patterns match well with the calculated ones and the low angle peaks are apparent for all (4AMPY)(MA) n-1 Pb n I 3n+1 (n = 2−4) materials, with the number of peaks below 2θ = 4° corresponding to the layer-number. 29 The d-spacing of the first Bragg peak in the PXRD pattern corresponds to the stacking axis length of the unit cell for the primitive cells (a axis for n ≥ 2), with b ≈ c ≈ 8.8 Å.
Description of the Crystal Structures. In general, to be able to take full advantage of the optoelectronic properties of 2D perovskites as a function of organic spacer, precise structural Page 8 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t 9 information is needed for each compound. Because of the soft and flexible nature of the inorganic layer, the type of organic spacers may significantly influence its structural details. This can lead to additional control of the properties beyond the one afforded by controlling the composition and thickness of the layers themselves.
For the Ruddlesden−Popper (RP) phases, +1 cations are interdigitated between the inorganic layers, so the organic tail has the flexibility to move around. 41 While for the Dion−Jacobson (DJ) phases, the gap is bridged by the short dications, which increase the rigidity of the structure and also bring the layers closer to each other. 30 By replacing the aliphatic (aminomethyl)piperidinium (AMP) rings with more rigid aromatic (aminomethyl)pyridinium (AMPY) ones, the atoms of the cation have less freedom to move. Therefore, only the more symmetric 4AMPY series forms the proper DJ structure type ( Figure 2 ), (4AMPY)(MA) n-1 Pb n I 3n+1 (n = 2−4), where the inorganic layers stack exactly on top of each other. The 3AMPY series, (3AMPY)(MA) n-1 Pb n I 3n+1 (n = 1−4), on the other hand, exhibits inorganic slabs that are slightly offset ( Figure S2 ) (more details will be discussed below). Selected crystallographic information and structural refinements for the eight compounds are presented in Table 1 , with detailed crystallographic data provided in the Supporting Information (Tables S1−S8).
The (4AMPY)(MA) n-1 Pb n I 3n+1 (n = 1−4) series is strictly DJ type and crystallize in monoclinic space groups. The polar space group is used because all the primary amino groups of the spacer cations are pointed to the same direction, resulting in a net dipole. Unlike the Ruddlesden-Popper phases which have two spacer cations between the layers and tend to cancel out the respective dipole moments, the Dion-Jacobson phases only have one polar +2 cation. So it is necessary to refine the structure in the non-centrosymmetric space groups. The a axis is the stacking axis, except for n = 1 (b-axis), and the length of the stacking axis follows the formula a ~ 6.3n + x Å, 29, 33 where n is the layer-number and x is the distance between the inorganic layers. The inorganic perovskite layers have corner-sharing octahedra that stack exactly on top of each other (eclipsed conformation) being separated by the 4AMPY cations. The aromatic pyridinium ring is highly ordered and orients parallel to the stacking direction and adjacent cations adopt an edge-to-face interaction, 42 with the aromatic planes almost perpendicular to each other (Figure 3b ). This motif is also seen in 2D perovskites systems incorporating other aromatic cations. [43] [44] [45] Because of the resonance of the aromatic ring, the ortho and para (2 and 4) positions are activated, bearing more partial positive charges. Then the partial positive charge is brought to the primary NH 3 + group through the Page 9 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t inductive effect of the carbon in the aminomethyl group (-CH 2 NH 3 + ). This suggests that the ordered cation in the structure is stabilized by the strong electrostatic attraction between the organic and inorganic components, which is also confirmed by the shallower intrusion depth of the -CH 2 NH 3 + groups into the grooves of the inorganic slab surface and smaller NH 3 + ···I distances (see below). Besides, the hydrogen bonding between the N-H of the pyridinium ring and the bridging iodide of the [PbI 6 ] octahedra (Figure 4b ) distorts the inorganic layers mainly parallel to the slab and barely perpendicular to it (Figure 3b ).
As mentioned above, compared to the 4AMPY series, the perovskite layers in the 3AMPY structures are slightly offset, with the differences highlighted in Figure 3 , showing that the positions of the functional groups play an essential role in defining the structural details. It is worth pointing out that the spacer cations in the 3AMPY series are disordered and they are modeled with restraints of bond lengths and angles. The difference between order and disorder in 4AMPY and 3AMPY, respectively, is nicely reflected in the refinement statistics, which are consistently better for the 4AMPY series. The −CH 2 NH 3 + group in the meta-position of the aromatic 3AMPY ring seems to be interacting loosely with the terminal iodine atoms (Figure 4a ). Because of this, with 4AMPY the compound has a major distortion (equatorial Pb-I-Pb angle 153.9° for n=2) along the inorganic plane, whereas with 3AMPY the distortion is smaller and nearly isotropic (equatorial Pb-I-Pb angle 168.9° and axial Pb-I-Pb angle 164.4° for n = 2) ( Figure 3a ). Furthermore, the rigidity of the aromatic system restricts the ring to planarity, so the inorganic layers are slightly staggered to accommodate the asymmetry of the 3AMPY cation.
The structure of the two dications and how they interact with the anion slabs may also influence the stacking. The positive ends of the dications interact with the perovskite slabs by intruding into the grooves formed by the terminal iodine atoms. The degree of intrusion is indicative of the strength of electrostatic interaction. The penetration depth of the ammonium group, defined by the distance between the primary -NH 3 + and the plane of terminal iodides (Figure 4a,b) , is much larger for the 3AMPY series (0.829 Å compared to 0.584 Å), and the cation is tilted instead of lying parallel to the stacking axis. These structural details reveal that 3AMPY sinks deeper into the inorganic layer than 4AMPY. The closest NH 3 + ···I distances are 3.902 Å (terminal) and 3.718 Å (bridge) for 3AMPY, 3.718 Å (terminal) and 3.608 Å (bridge) for 4AMPY (Figure 4a,b ). This in turn shortens the distance between the inorganic slabs for the 3AMPY series compared to the 4AMPY series, as shown in Figure 4c . The distances between two inorganic layers are even Page 10 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t smaller than the aliphatic AMP systems since the C-C bonds are shorter because of the sp 2 hybridization. However, since the slabs in the 3AMPY series are slightly offset, the closest direct I···I distance is still larger than that in the 4AMPY series, with the exception of n = 1 (Figure 4d ).
As layer-number n increases, the closest I···I distance slightly decreases for both series. The closer proximity of the inorganic layers may lead to slightly more dispersive bands in the corresponding direction in reciprocal space as reported in our previous work. 30 It has been reported that the penetration depth has a correlation with the distortion level of the octahedra, which mainly influences the Pb-I-Pb angles. 44 As the penetration depth increases, the distance between the NH 3 + and the nearest I also increase (Figure 4a,b) , weakening electronic interaction and the hydrogen-bonding, and increasing the Pb-I-Pb angles. We classify the Pb-I-Pb angles into two categories, the equatorial angle (parallel to the inorganic plane) and the axial angle (in the stacking direction) (Figure 4b ). For the DJ phase, the 4AMPY series is distorted mainly inplane ( Figure 3b ) and barely distorted out-of-plane, so the axial angle is close to 180° (Figure 3c ).
While the 3AMPY series is distorted both in-plane and out-of-plane (Figure 3a) . (Figure 3e ). This suggests that as the inorganic layer grows thicker, the influence of the organic spacer decreases, especially for the 4AMPY series. However, both the equatorial (Figure 3d ) and average Pb-I-Pb angles (Figure 3e ) are consistently larger for all layernumbers of the 3AMPY series, which suggests the structure is less distorted than in 4AMPY analogues.
Optical properties. The absorption spectra (Figure 5a ,c) of both series show a high-energy absorption edge and a lower-energy exciton peak. The bandgaps are estimated by extrapolating the high-energy slope to the imaginary axis parallel to the x axis where the absorption edge is interrupted by the exciton peak. 29, 33 The spectra show that 3AMPY series exhibits consistently lower bandgaps than the 4AMPY materials. The bandgaps of the 3AMPY series decrease from 2.34 eV to 1.87 eV for n = 1−4, while those for the 4AMPY series decline from 2.15 to 1.89 for n = 2−4 ( Table 2 ). As discussed above, the 3AMPY series has larger Pb-I-Pb angles and thus smaller octahedral tilts, which means the Pb s-and I p-orbitals have better overlap resulting in a smaller bandgaps. [46] [47] Page 11 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t Both series of compounds exhibit strong photoluminescence (PL) at room temperature (Figure 5b,   d ). Based on band structure calculations reported for the aliphatic xAMP series, 30 Figure S3 ), which are comparable to the lifetimes of previously reported lead iodide 2D perovskites resulting predominantly from rapid exciton recombination. 30, 33, 48 Interestingly, the PL lifetimes of the crystals of the 3AMPY series are longer than those of the 4AMPY series ( Figure S3 ), which is an indication of slower carrier recombination and improved carrier transport.
To compare the optical properties of the 3AMPY and 4AMPY series with the previously reported aliphatic system (xAMP)(MA) n-1 Pb n I 3n+1 (x = 3 or 4, AMP = (aminomethyl)piperidinium) and the Ruddlesden-Popper phases (BA) 2 (MA) n-1 Pb n I 3n+1 (BA=butylammonium), we plot the PL spectra for n = 4 together (Figure 6a,c) . It is clear that the (BA) 2 (MA) 3 Pb 4 I 13 has the highest energy PL emission among the compounds, even though it is not the most distorted structure (Table 3) .
Therefore, there must be other factors that may influence the bandgaps besides the Pb-I-Pb angles as discussed above. In our previous work, we proposed that there is a correlation between the bandgap and the interlayer spacing: the closer the d-spacing, the stronger the interaction between the layers, and the smaller the bandgap. 33 The PL emission peaks for (3AMPY) 2 (MA) 3 Pb 4 I 13 and (3AMP) 2 (MA) 3 Pb 4 I 13 are 0.1 eV lower in energy than that of (BA) 2 (MA) 3 Pb 4 I 13 (Figure 6a ), even though they have similar average Pb-I-Pb angles ( Table 3 ). Since the interlayer spacing for (Figure 6c) , their PL peaks are in higher energies than the (3AMPY) 2 (MA) 3 Pb 4 I 13 and (3AMP) 2 (MA) 3 Pb 4 I 13 and much closer to that of (BA) 2 (MA) 3 Pb 4 I 13 , because the more distorted structures counteract the bandgap reduction from the decrease of the interlayer distance: the Pb-I-Pb angles, especially the equatorial ones, are much smaller than those of (BA) 2 (MA) 3 Pb 4 I 13 (Table 3) Page 12 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In addition to the differences in PL emission, there is also a change in the exciton binding energy when using aromatic spacer cations instead of the aliphatic ones. As shown in the absorption spectra in Figure 6b,d , even though the high-energy bandgap slopes look similar, the low-energy slopes vary because of the existence of exciton peaks, stable even at room temperature. We can roughly estimate the exciton binding energy (E b ) by subtracting energy of the exciton peaks relative to the bandgaps, 49 with the aromatic system showing smaller E b than the aliphatic system, which suggests that the electron-hole pairs are more easily separated and collected by the electron/hole transport layers in the photovoltaic devices. This is because the aromatic cation exhibits a larger dielectric constant (ε b~3 ) than the aliphatic barrier (ε b~2 ) owing to the existence of the delocalized π-electron cloud, [50] [51] [52] [53] thus reducing the dielectric mismatch, and the corresponding dielectric confinement effect in the naturally formed quantum-well structures. A more accurate comparison of exciton binding energy between different systems can be performed by low-temperature absorption spectroscopy 51 and magnetoabsorption spectroscopy [54] [55] .
Solar cell device performance. Given the promising optical properties, we proceeded to fabricate thin-films with the n = 4 materials. We also compare the thin-film with the aliphatic cation (3AMP)(MA) 3 Pb 4 I 13 using the same film deposition method. In the PXRD patterns in Figure 7a , (011) and (022) peaks at ~ 14° and 28° dominate, indicating all films have vertically preferred orientation and good crystallinity. However, we observed that the (3AMPY)(MA) 3 Pb 4 I 13 film has the strongest peak intensity, which is about 5 times stronger than in (3AMP)(MA) 3 Pb 4 I 13 . This indicates that the (3AMPY)(MA) 3 Pb 4 I 13 film has better layer orientation and crystallinity, leading to improved charge transport and enhanced charge collection. There is also a big difference on the PL lifetimes for the different films. As shown in Figure S4 and Table S9, As shown in Figure S5 , the films are dense and smooth without pinholes, and the cross-sectional Page 13 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t 14 SEM images exhibit similar perovskite layer thickness for the films made with solution of the same concentration. The grain size of the films is also similar, around 100 nm.
On the basis of these results, we made preliminary attempts to fabricate solar cell devices using the n = 4 perovskites as light absorbers. The devices were fabricated using the same device structure and deposition method as previously reported by our group, 23, 30 (Table S10 ).
The (3AMPY)(MA) 3 Pb 4 I 13 cell has much higher J sc than the other two, which is also verified by the external quantum efficiency (EQE) measurements (Figure 7d respectively, which are in good agreement with the J sc values obtained from the J-V curves. The onset of the EQE curves matches well with the slope in the absorption spectra (Figure 7b ). The improved photovoltaic performance especially the enhanced J sc can be attributed to the high crystallinity and good vertically preferred orientation, as well as the long PL lifetime of the film as discussed above. Also noted above, the 3AMPY cation has a larger dielectric constant for the aromatic cation than the aliphatic analogue 3AMP, thus smaller dielectric confinement effect and exciton binding energy, which is beneficial for the charge separation in the device. All these reasons are expected to contribute to the sizably higher J sc and PCE of the (3AMPY)(MA) 3 Pb 4 I 13 devices. Page 14 of 30   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d m a n u s c r i p t 15 
Conclusions
Understanding how the cations influence the structure and even properties of the 2D and 3D perovskites is an essential step for the rational design of better materials for optoelectronic device applications. Here we have extended the nascent class of 2D Dion-Jacobson halide perovskites to a set of compounds with the aromatic ring containing pyridinium based dication 4AMPY for n=1−4. The nature of the organic spacer cation such as size, shape and charge has a significant influence of the optical properties of the inorganic halide [Pb n I 3n+1 ] layers. In order to understand this influence, it is necessary to obtain precise structural information from single crystal X-ray diffraction data. This affords us the opportunity to compare the structures and properties of the title materials with those of the aliphatic piperidinium containing versions. The organic cations have a strong impact on the structure of the perovskites, influencing not only the tilts of octahedra but also the stacking of the inorganic layers. 2D Dion-Jacobson halide perovskites can be templated by the aromatic 4AMPY cation. With the 3AMPY cation, the octahedra are slightly offset, and the less tilted structures of octahedra result in smaller bandgaps in the 3AMPY series than in the 4AMPY series. Compared to the previously reported aliphatic series, the aromatic cations exhibit larger dielectric constants and thus the corresponding compounds show smaller exciton binding energy, which may benefit charge transport. Solar cells using (3AMPY)(MA) 3 Pb 4 I 13 as the absorber show outstanding photovoltaic performance, with a champion PCE of 9.2% and promise much higher efficiencies with better device architectures.
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